Interleukin 1 and nitric oxide (NO) from infiltrating macrophages and activated mesangial cells may act in concert to sustain and promote glomerular damage. To evaluate if such synergy occurs, we evaluated the effect if IL-1 ␤ and NO on the formation of prostaglandin (PG) E 2 and cyclooxygenase (COX) expression. The NO donors, sodium nitroprusside and S -nitroso-N -acetylpenicillamine, alone did not increase basal PGE 2 formation. However, these compounds amplified IL-1 ␤ -induced PGE 2 production. Similarly, sodium nitroprusside and S -nitroso-N -acetylpenicillamine by themselves did not induce mRNA and protein for COX-2, the inducible isoform of COX; however, they both potentiated IL-1 ␤ -induced mRNA and protein expression of COX-2. The stimulatory effect of NO is likely to be mediated by cGMP since ( a ) an inhibitor of the soluble guanylate cyclase, methylene blue, reversed the stimulatory effect of NO donors on COX-2 mRNA expression; ( b ) the membrane-permeable cGMP analogue, 8-Br-cGMP, mimicked the stimulatory effect of NO donors on COX-2-mRNA expression; and ( c ) atrial natriuretic peptide, which increases cellular cGMP by activating the membrane-bound guanylate cyclase, also amplified IL-1 ␤ -induced COX-2 mRNA expression. These data indicate a novel interaction between NO and COX pathways. (
Introduction
The free radical nitric oxide (NO) 1 has emerged as an important signal and effector molecule in mammalian physiology. It has been implicated to function in a variety of fundamental biological pathways, including neurotransmission, vasodilation, and inflammation (1) (2) (3) . NO is synthesized from the guanidino nitrogen of l -arginine by the catalytic reaction of nitric oxide synthase (NOS). The major recognized target of NO action is a hemeprotein, the soluble form of guanylate cyclase, whose activity is increased by binding of NO to the heme moiety of the enzyme (1-3). Increased intracellular cGMP can then modulate cellular functions. NO also has been found to modulate PG synthesis in macrophage cell lines, rat islet cells of the pancreas, rat uteri, and experimental hydronephrotic kidneys (4) (5) (6) (7) . It was postulated that NO stimulates cyclooxygenase (COX) activity possibly via the heme component of the COX enzyme, since COX is also a hemeprotein (8, 9) . However, Tsai et al. (10) have shown that NO does not affect purified ovine COX enzyme activity. Thus, some indirect mechanisms also might be involved in NO-stimulated COX activation and PGE 2 formation.
Two isoforms of COX have been cloned and characterized. COX-1 is present in most tissues and constitutively expressed. COX-2 is undetectable under normal physiological conditions in most organs and is expressed after stimulation by various growth factors and cytokines in fibroblasts, macrophages, endothelial cells, and mesangial cells (11) (12) (13) . We have demonstrated previously that the proinflammatory cytokine, IL-1 ␤ , induces COX-2 without affecting COX-1 expression and that glucocorticoids suppress IL-1 ␤ -induced COX-2 protein expression and PGE 2 production in rat mesangial cells (13, 14) . Thus, the changes in COX-2 expression may be one of the major determinants for PGE 2 production in IL-1 ␤ -stimulated mesangial cells.
Intrinsic glomerular endothelial cells and infiltrating macrophages could be a source of cytokines (15, 16) and NO (17) (18) (19) in an inflamed glomerulus. In addition, IL-1 and NO are produced by activated mesangial cells (15) (16) (17) (18) (19) . Thus, during glomerular inflammation, cytokines and NO from glomerular endothelial cells, infiltrating macrophages, and activated mesangial cells may act in concert to sustain and promote glomerular damage. While the induction of COX II and iNOS are separate processes, the potential for significant interaction between these two proinflammatory systems is real. We have provided evidence previously that PGE 2 can transcriptionally regulate IL-1 ␤ -induced iNOS and in this manuscript we have evaluated the effect of NO on the IL-1 ␤ -induced formation of an inflammatory mediator, PGE 2 , and COX-2 induction. MO). S -nitroso-N -acetylpenicillamine (SNAP) was from Calbiochem-Novabiochem Corp. (La Jolla, CA).
Cell culture. Primary mesangial cell cultures were prepared from male Sprague Dawley rats as described previously (13) . Cells were grown in RPMI-1640 medium supplemented with 15% (vol/vol) heatinactivated fetal calf serum, 0.3 IU/ml insulin, 100 U/ml penicillin, 100 g/ml streptomycin, 250 g/ml amphotericin B, and 15 mM Hepes. Cells were used between passages 2 and 6.
Northern blot analysis. The full-length COX-1 and COX-2 cDNA was excised form the plasmid pBS-COX-1 and pBS-COX-2 as a BamHI-HindIII and KpnI-BamHI digest, respectively. Excised cDNAs were purified from 1% agarose gels by Gene Clean (BIO 101, Inc., Vista, CA). Rat glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA was prepared by reverse-transcriptase PCR using total RNA of rat mesangial cells as described previously (20) . Northern blot analysis was performed as described previously (13) . Confluent cells grown in 75-cm 2 flasks were incubated with IL-1 ␤ and/or NO donors in RPMI-1640 media containing 5% (vol/vol) fetal calf serum for 3 h and harvested. Total RNA was isolated using the acid guanidium thiocyanate-phenol-chloroform method (RNA-STAT 60™; Tel-Test "B," Friendswood, TX). 20 g of total RNA per lane was fractioned by 1% agarose-formaldehyde gel electrophoresis and transferred onto nylon membranes (Gene-Screen; Du Pont, Boston, MA) in 10 ϫ SSC (1 ϫ SSC is 150 mM NaCl and 15 mM sodium citrate, pH 7.0). Membrane filters were dried at 80 Њ C for 15 min and RNA was fixed by cross-linking in a UV Stratalinker-1800 (Stratagene, La Jolla, CA) with 1,200 kJ. Membrane filters were prehybridized for 6 h at 42 Њ C in 50% deionized formamide (vol/vol), 0.04% polyvinylpyrrolidone (wt/vol), 0.04% bovine serum albumin (wt/vol), 0.04% Ficoll (wt/vol), 5 ϫ SSC, 1% SDS (wt/vol), and denatured salmon sperm DNA (100 g/ml). Full-length murine probes for COX-1 and COX-2 were radiolabeled with [ P]dCTP by the random priming method. Hybridization was performed at 42 Њ C for 18-20 h in a solution containing: 50% deionized formamide (vol/vol), 0.02% polyvinylpyrrolidone (wt/vol), 0.02% bovine serum albumin (wt/vol), 0.02% Ficoll (wt/vol), 5 ϫ SSC, 1% SDS (wt/vol), and denatured salmon sperm DNA (100 g/ml). Filters were washed twice at room temperature for 5 min in 2 ϫ SSC and twice at 60 Њ C for 30 min in 2 ϫ SSC ϩ 0.1% (wt/vol) SDS and then exposed overnight to Kodak XAR film at Ϫ 70 Њ C with intensifying screens. To control for variability in the loaded quantity of RNA, all membranes were probed with GAPDH cDNA to determine the steady state levels of GAPDH gene-related sequences and used to normalize mRNA for COX-1 and COX-2.
Western blot analysis. Confluent cells grown in 75-cm 2 flasks were incubated in RPMI-1640 containing 5% (vol/vol) fetal calf serum with IL-1 ␤ and/or NO donors for 6 h (to allow for adequate protein synthesis). Cells were washed twice with ice-cold phosphate-buffered saline, and lysed in 1 ml of ice-cold extraction buffer (50 mM Tris-HCl, pH 7.4, 1% NP-40, 1 mM EDTA, 1 mM PMSF, 5 g/ml leupeptin, 5 g/ml pepstatin, 5 g/ml aprotinin). After 30 min, cells were scraped and centrifuged at 10,000 g for 10 min at 4 Њ C. The supernatant was collected and protein content was determined using a micro bicinchoninic acid assay (Sigma Immunochemicals). Cell lysate was mixed with Laemmli reagent and heated for 10 min. Equal amounts of protein (30-60 g/lane) was run on 10% SDS-polyacrylamide gel. Proteins were transferred to polyvinylidene difluoride membranes (Immobilon-P™; Millipore Corp., Bedford, MA). The membranes were saturated with 5% fat-free dry milk in Tris-buffered saline (50 mM Tris, pH 8.0, 150 mM NaCl) with 0.1% (vol/vol) Tween 20 (TBS-T) overnight at 4 Њ C. The membranes were incubated with purified polyclonal rabbit IgG antibody against murine COX-2 (Cayman Chemical Co., Inc., Ann Arbor, MI) at 1:1,000 dilution in the above solution for 1 h at room temperature. Blots were washed in TBS-T four times (15 min each). Blots were further incubated for 1 h at room temperature with the goat anti-rabbit IgG antibody coupled to horseradish peroxidase (Amersham, Arlington Heights, IL) at 1:2,500 dilution in TBS-T. Blots were washed four times (15 min each) in TBS-T before visualization. Enhanced chemiluminescence (ECL) kit (Amersham) was used for detection and exposed to Hyperfilm MP (Amersham).
Measurement of PGE 2 . PGE 2 in the media was determined by stable isotope gas chromatography-mass spectrometry (GC-MS) as described previously (13) . At the end of predetermined times, medium was removed and spiked with 25-50 ng tetradeuterated PGE 2 (d 4 Ϫ PGE 2 ). The medium was then acidified to pH 3.5, and PGE 2 was extracted by 1-ml octadecyl columns (Baker Co., Sanford, ME). Extracts were derivatized for GC-MS analysis. The samples were analyzed as the pentafluorobenzyl methoxime trimethylsilyl ether by negative ion chemical ionization using methane as the reagent gas. Ions monitored were m/z 524 (d 0 -PGE 2 ) and m/z 528 (d 4 -PGE 2 ). Mass spectrometry was performed on a Hewlett-Packard 5985 B spectrometer using a 25-m Ultra 1 (Hewlett-Packard Co., Palo Alto, CA) capillary column, and data collection and analysis were performed using Vector 2 (Teknivent, St. Louis, MO) software. PGE 2 production was normalized for protein as determined by the micro bicinchoninic acid assay.
Statistical analysis. Data were expressed as mean Ϯ SEM. Statistical analysis was performed by using paired or unpaired Student's t test. A difference with P value Ͻ 0.05 was considered statistically significant. 2 formation. The effect of the NO donor, SNAP, on PGE 2 formation was determined. 0.1-100 M of SNAP by itself did not increase basal PGE 2 formation. However, SNAP potentiated IL-1 ␤ -induced PGE 2 production ( Fig. 1 A ) , suggesting that NO potentiates IL-1 ␤ -induced PGE 2 formation. Similarly SNP, itself another NO donor, also potentiated IL-1 ␤ -induced PGE 2 production but not basal PGE 2 formation. The stimulatory effect of SNP on IL-1 ␤ -induced PGE 2 production was maximal at 1-10 M and was attenuated at 100 M (Fig. 1 B ) .
Results

NO amplifies IL-1 ␤ -induced PGE
NO amplifies IL-1 ␤ -induced COX-2 expression. Since previous observations by us and others suggest that the inducible isoform of COX (COX-2) is one of the major determinants of PG production (13, 14, 21) , we evaluated whether NO modulates COX expression. SNAP by itself did not induce COX-2 mRNA. However, SNAP potentiated IL-1 ␤ -induced COX-2 mRNA (Fig. 2 A ) . Neither IL-␤ nor SNAP affected COX-1 mRNA expression. Similarly, SNP, another NO donor, also potentiated IL-1 ␤ -induced COX-2 mRNA expression (Fig. 2 B ) . To determine whether the increase in COX-2 mRNA leads to an increase in COX-2 protein expression, Western blot analysis was performed. As with COX-2 mRNA expression, SNAP alone did not induce COX-2 protein, but SNAP potentiated IL-1 ␤ -induced COX-2 protein expression (Fig. 3, A and B ) .
NO amplifies COX-2 expression via cGMP pathway. Endothelium-derived NO and micromolar range of NO donors, SNAP and SNP, are known to increase cellular cGMP in mesangial cells (22) (23) (24) . To test the possibility that the NO effect was mediated through the stimulation of the guanylate cyclase and the increase in intracellular cGMP, we examined the effect of an inhibitor of the soluble guanylate cyclase, methylene blue (25), on COX-2 expression. Methylene blue reversed the stimulatory effect of SNAP on IL-1 ␤ -induced COX-2 mRNA expression (Fig. 4) . although methylene blue by itself did not affect basal or IL-1 ␤ -induced COX-2 mRNA expression (data not shown). To further confirm the effect of cGMP pathway on IL-1 ␤ -induced COX-2 expression, we tested the effect of a membrane-permeable cGMP analogue, 8-Br-cGMP, and ANP which stimulates membrane-bound guanylate cyclase and increases cellular cGMP in mesangial cells. 8-Br-cGMP by itself did not induce COX-2 mRNA expression and PGE 2 formation. However, like NO, 8-Br-cGMP potentiated IL-1␤-induced PGE 2 formation (Fig. 5 A) and COX-2 mRNA expression (Fig. 5 B) . ANP also amplified IL-1␤-induced COX-2 mRNA expression, though ANP by itself did not induce COX-2 mRNA (Fig. 6 ). These data support the notion that cGMP mediates the action of NO and indicates that cGMP can influence COX-2 gene expression.
NO does not affect the COX-2 mRNA stability. Since COX-2 mRNA has the AUUUA motif in its 3Ј untranslated region which is considered an mRNA instability determinant (26) , either the increase in transcription or the increase in COX-2 mRNA stability might account for the increase in the steady state level of COX-2 mRNA. Therefore, we determined whether NO increases COX-2 mRNA stability. As shown in Fig. 7 , SNP did not prolong IL-1␤-induced COX-2 mRNA half-life. Therefore, changes in mRNA stability do not account for the increase in the steady state level of COX-2 mRNA stimulated by NO.
Discussion
At the site of glomerular inflammation, infiltrating macrophages and activated mesangial cells may release cytokines and growth factors and may also generate NO and reactive oxygen species (15-19). These stimuli may act in concert to modify the function and morphology of glomerular cells. Thus, in this study we exposed mesangial cells to combinations of NO donors and IL-1␤, so that mesangial cells received an NO signal simultaneously with a proinflammatory cytokine. The NO donors, SNAP and SNP, by themselves did not increase basal PGE 2 production and they did not induce COX-2. However, NO donors potentiated IL-1␤-induced COX-2 expression and PGE 2 formation in a dose-dependent manner. The NO donors used in this study, SNP and SNAP, are known to increase cellular cGMP in rat mesangial cells at micromolar concentrations (22) . It was likely that cGMP mediated the action of NO, since (a) an inhibitor for soluble guanylate cyclase, methylene blue, reversed the stimulatory effect of NO donors on COX-2 mRNA expression; (b) the membrane-permeable cGMP analogue, 8-Br-cGMP, dose-dependently mimicked the stimulatory effect of NO on IL-1␤-induced COX-2 mRNA expression and PGE 2 formation; and (c) ANP, which increases cellular cGMP by a receptor-mediated mechanism, also amplified IL-1␤-induced COX-2 mRNA expression. These data suggest that NO can influence COX-2 gene expression in synergy with IL-1␤ and that cGMP mediates the action of NO.
Both SNP and SNAP activate the cGMP pathway; however, only the higher dose of SNP attenuated IL-1␤-induced PBE 2 production (Fig. 1 B) . Since SNP is a ferricyanide compound, and cyanide is known to inhibit COX activity (27) , the higher concentrations of SNP might have attenuated COX activity by increased cyanide or thiocyanate accumulation. No gross changes were observed in cell viability as judged by trypan blue exclusion.
In a previous study, we have shown that inhibitors of the NOS enzyme, N G -monomethyl-l-arginine and aminoguanidine, attenuated IL-1␤-induced NO and PGE 2 production in cultured rat mesangial cells (20) . However, N G -monomethyll-arginine and aminoguanidine did not affect IL-1␤-induced COX-2 protein expression in cultured rat mesangial cells (data not shown). IL-1␤ rapidly induces COX-2 mRNA in mesangial cells. By Northern blot analysis COX-2 mRNA is detectable at 30 min after IL-1␤ stimulation, peaks at 2-3 h, and then gradually declines. The increase in PGE 2 production is detectable at 4-6 h. In contrast, IL-1␤ induces iNOS mRNA more slowly. With Northern blot analysis it is not detectable until ‫ف‬ 6 h after IL-1␤ stimulation and peaks at 12 h and then declines. The increase in NO production is not detectable at 6 h after IL-1␤ stimulation, and rat mesangial cells do not express neuronal NOS and endothelial NOS (our unpublished observations). Thus, endogenously produced NO by IL-1␤-stimulated mesangial cell in culture may not stimulate COX-2 transcription, since the induction of COX-2 mRNA precedes that of iNOS mRNA and NO production. Mesangial cells can simultaneously receive both NO and cytokine signals from infiltrating macrophages and glomerular endothelial cells. When the cells receive NO signals simultaneously with IL-1␤, NO may increase the transcription of the COX-2 gene via a cGMPmediated mechanism.
COX-2 mRNA has the AUUUA motif in its 3Ј untranslated region, which is considered an mRNA instability determinant (26) . Thus, either an increase in transcription or an increase in COX-2 mRNA stability might account for the increase in the steady state level of COX-2 mRNA. We have shown previously that IL-1␤ stabilizes the unstable COX-2 message by phosphorylation of cytosolic factors which bind to AUUUA rich 3Ј untranslated region in rat mesangial cells (26) . However, changes in mRNA stability are unlikely to account for the amplification of the COX-2 mRNA levels by NO, since NO did not affect the IL-1␤-induced COX-2 mRNA half-life (Fig. 5) . Although we did not further address the molecular mechanism by which NO potentiates IL-1␤-induced COX-2 expression, transcription factors, cAMP response element binding protein (CREB) and NFB, might be among the possible targets of NO. It has been demonstrated that NO and cGMP amplify Ca 2ϩ -induced c-fos expression in PC12 cells via the sequential activation of cAMP-dependent protein kinase, CREB, and cAMP response element (CRE) (28) . Although CRE is not identified in the promoter of the rat COX-2 gene (29) , the promoters of the mouse and the human COX-2 gene have a CRE adjacent to the TATA box (30) (31) (32) . We have demonstrated that the activation of a tyrosine kinase pathway is necessary for IL-1␤-induced COX-2 mRNA expression (33). Xie et al. (32) have demonstrated that the induction of COX-2 gene stimulated by v-src tyrosine kinase is mediated by CRE in 3T3 fibroblasts and that cotransfection of dominant-negative CREB blocks v-src induction of the COX-2 gene. Thus the signals of NO and IL-1␤ might merge via CREB-CRE-or CREB-CRE-like pathway. NFB is a critical transcription factor for several genes that are involved in immune and inflammatory responses (34) . Stimulation of cells with IL-1, tumor necrosis factor, and lipopolysaccharide leads to the activation of NFB. Lander et al. (35) have shown that NO donors activate nuclear translocation of NFB in human peripheral blood mononuclear cells. The promoter of COX-2 gene has a B binding site (29) (30) (31) and thus may be activated by NFB.
NO may synergize not only with signals evoked by IL-1␤ but also with a variety of stimuli, since NO donors also potentiated COX-2 mRNA expression induced by lipopolysaccharide and by a Ca 2ϩ ionophore, A23187, in rat mesangial cells (data not shown). Although we did not determine the effect of NO on other genes, NO has been shown to affect the expression of c-fos (28) and iNOS (36 stimuli and amplify gene expression including COX-2, iNOS, and c-fos. The effector molecules of these gene product such as PGs, NO, and AP-1 transcription factor, may further mediate subsequent long-term changes in cellular function and gene expression, followed by amplification or attenuation of the inflammatory process. For example, we have demonstrated that the products of COX pathway, PGE 2 and PGI 2 , have a negative and positive effect on IL-1␤-induced iNOS mRNA expression, respectively (20) . Thus the loop of positive or negative feedback regulation for these proinflammatory genes may work to sustain or terminate inflammation, and products of these genes can be targets for pharmacological intervention during the inflammatory processes.
In summary, we have demonstrated that NO amplifies IL-1␤-induced COX-2 expression in rat mesangial cells and that this stimulatory action of NO on COX-2 expression appears to be mediated by cGMP. These results indicate a novel interaction of NO on the COX pathway.
